Background: Articular cartilage damage of the knee is common, causing significant morbidity worldwide. Many adult tissues contain cells that are able to differentiate into multiple cell types, including chondrocytes. These stem cells have gained significant attention over the past decade and may become frontline management for cartilage defects in the very near future.
techniques include microfracture or autologous cell or tissue grafting (ie, mosaicplasty, osteoarticular transfer system [OATS] , or autologous chondrocyte implantation [ACI] ) and minced (DeNovo NT, Zimmer Inc, Warsaw, Indiana) or micronized articular cartilage allografts (BioCartilage, Arthrex Inc, Naples, Florida). However, their long-term results may be variable or unknown. 6 Longterm follow-up after microfracture was reported by Steadman et al 81 with an improvement in clinical knee scores. However, Minas et al 68 suggested that this technique may make subsequent surgery more difficult. Mosaicplasty has limitations including donor site morbidity, limited availability, and mismatch geometry. 6 The advantages of techniques such as microfracture and mosaicplasty are the relatively low complexity of the procedure, the patient undergoing only 1 surgery, and the use of the patient's own tissue. On the other hand, ACI involves 2 operations, is technically demanding, and may result in periosteal overgrowth. 52 In a recent study, the long-term efficacy of microfracture was compared with ACI, and the authors showed that ACI was not superior to microfracture, with failures in nearly a quarter of the patients in both groups. 52 However, a randomized controlled trial comparing ACI with mosaicplasty concluded that ACI resulted in superior clinical and biological outcomes. 6 Newer ACI techniques such as matrix-associated autologous chondrocyte transplantation/implantation (MACT/MACI) use biomaterials seeded with chondrocytes as a scaffold instead of a periosteal patch. 5 However, this technique still has some issues. It can require 2 operations, and the harvest of autologous chondrocytes or osteochondral plugs remains problematic because of iatrogenic damage. There may also be donor site morbidity and a potential change in the cartilage properties of the joint. 39, 57 In this regard, adult stem cells may provide a more readily accessible source of cells for the treatment of chondral or osteochondral defects. For example, bone marrow-derived mesenchymal stem cells (MSCs) are able to differentiate into many mesenchymal phenotypes, including those that form cartilage, bone, muscle, fat, and other connective tissues. [12] [13] [14] 38 Other tissues contain similar but distinct populations of adult stem cells that exhibit chondrogenic capabilities, primarily adipose, 29 synovium, 22 and umbilical cord, 31 among other sources. Stem cells can maintain their multipotency during culture expansion, 50 while chondrocytes may lose their phenotype after passage. 7, 37 Another major source of adult stem cells has been adipose tissue, including subcutaneous fat or the infrapatellar fat pad of the knee. Adipose-derived stem cells (ASCs) exhibit multipotent differentiation capabilities in the mesenchymal lineage, similar to MSCs, with evidence of adipogenic, chondrogenic, myogenic, and osteogenic differentiation. 26, 40, 41, 76 Adipose tissue is an accessible, abundant, and reliable source for the isolation of adult stem cells that may be suitable for tissue engineering and regenerative medicine applications. 36, 67 The majority of peerreviewed publications on human trials using ASCs are, at most, phase I safety and case reports. 35 It is important to note that the method of delivery of MSCs into the knee varies and includes the following: 1-stage injection of a suspension into the joint, 1-stage implantation into the defect, and preculture in a matrix for implantation into the defect (2-stage). The aim of this report on stem cell therapy for cartilage defects of the knee is to review the most recent preclinical animal studies, provide a systematic review of clinical trials, and outline the future directions and challenges for the scientist and surgeon.
BACKGROUND
The application of stem cells for cartilage repair and regeneration has been studied extensively in laboratory models, § but a review of these studies is beyond the scope of this article, which will focus on animal and clinical studies. Fundamentally, MSCs have been used to treat chondral defects in many animal models. Rodents are cost-effective and provide proof-of-concept data to serve as a bridge between in vitro experiments and more costly large animal preclinical studies. 4, 17, 56, 70 Rabbits are easy to handle, are cost-effective, and have a reasonable joint size, but they may also spontaneously heal, have thin cartilage, and have variable loading conditions.
k Skeletally mature mini-pigs have been used in numerous stem cell and cartilage studies. 16, 48, 59, 80, 92 They have a stifle joint that is similar to the human knee in some respects, including relative thickness, inability to endogenously heal chondral and osteochondral defects, and similar collagen fiber arrangement. 17, 49 Sheep and goats have been used frequently. 61, 63, 64, 78, 93 There are advantages and disadvantages with goat studies compared with human studies. The goat model allows the aspiration of MSCs, involves reasonably thick articular cartilage, and utilizes a relatively large stifle joint. The primary weightbearing surface, though, is the patellofemoral surface, as goats walk with the joint partially flexed. 61, 73 In addition, compared with studies in humans, restricted postoperative rehabilitation is difficult and may pose ethical issues. 61 The stifle joint of the horse most closely resembles the human knee in terms of size, cartilage thickness, and the ability to extend the joint fully during gait. However, the expense, the high jointloading conditions, and the need for elaborate facilities often make cartilage studies difficult to perform in horses. 65, 66, 71, 85 Before beginning clinical trials, robust manufacturing practices for the production of stem cells must be adopted. The Food and Drug Administration (FDA) and other international and national regulatory bodies have developed guidelines for adult cell production. 15 In fact, MSCs are classed as ''more than minimally manipulated.'' All products must be evaluated for bacteria, endotoxins, mycoplasma, and a host of viral agents (cytomegalovirus, Epstein-Barr virus, hepatitis A and C, and HIV) if they are to be used for allogenic purposes. Tissue-processing devices are marketed in Europe and Asia and are under regulatory review in the United States. 36 There have been very few published reports on the application of stem cell therapy to cartilage defects in humans. Importantly, there are differences with the delivery of MSCs into the knee joint in terms of direct injection compared with implantation (1-stage vs 2-stage) into a scaffold. A study on the use of MSCs for articular cartilage repair of the patellofemoral joint in 5 knees has been performed, 87 while another group 55 reported on a single athlete. 53 There are a number of clinical trials currently being undertaken, and these are found on the clinicaltrials.gov website.
Search Strategies and Criteria
A PubMed search was performed. The key phrase ''stem cells and knee'' was used. The search included reviews and original articles over an unlimited time period. A search of current clinical trials in progress was performed on the clinicaltrials.gov website, and ''stem cells and knee'' was used as the search phrase.
ANIMAL STUDIES OF STEM CELL-BASED CARTILAGE REPAIR

Small Animal Models
The effects of treating cartilage defects with stem cells have been studied in numerous recent small animal models. 56 A rabbit model compared the use of allogenic, chondrogenic, predifferentiated (supplemented with transforming growth factor-b3 [TGF-b3] and basic fibroblast growth factor) MSCs with undifferentiated MSCs in the repair of full-thickness articular cartilage defects. 20 Defects with a 5-mm diameter and 1-mm depth were created in the medial femoral condyle of both knees of each rabbit, and then each construct was implanted 3 to 4 weeks after injury into one side. One side of the knee (lateral femoral condyle) in each rabbit was left untreated, and the histological appearances of this group were compared with the 2 different MSC groups. The authors concluded that the transplantation of MSCs produced superior healing compared with intrinsic repair of the untreated cartilage defects, irrespective of their state of differentiation. 20 Another group studied rabbits with osteochondral defects and compared those in the defect-only group to 2 groups treated with cross-linked bilayer collagen scaffolds with or without MSCs. 73 The MSC scaffold group showed the most hyaline cartilage, highest histological scores, and highest biomechanical compressive modulus at 12 weeks. 73 In another comparison, 30 rabbits that had knee chondral defects were treated with either allogenic, undifferentiated MSCs or ACI. 82 Both groups had alginate constructs cultured for 6 weeks after creation of the defects. Both treatment groups showed similar cartilage regenerative profiles, and both resulted in superior tissue regeneration compared with untreated defects. The advantages of MSCs were highlighted, such as prolonged expansion time without phenotype transformation and the homing and engraftment of other stem cells.
The use of hydrogel scaffolds with stem cells has been a topic of recent interest. A rabbit model assessed the repair of osteochondral defects with biodegradable hydrogel composites encapsulating bone marrow-derived MSCs. 42 It was found that when compared with the hydrogel composite without MSCs, the 2 groups of hydrogels with MSCs (one with the addition of TGF-b1) facilitated subchondral bone formation but did not improve cartilage structure. Another study reviewed a biphasic osteochondral composite using a chondral phase consisting of hyaluronate and atelocollagen and an osseous phase consisting of hyaluronic acid and b-tricalcium phosphate. 3 Chondrocytes were expanded, and the authors concluded that this scaffold composite held promise for defect repair. 3 The role of gene transfer in MSC cartilage regeneration may be important, but it is not currently well understood. A rabbit osteochondral defect model studying bone marrow-derived MSCs transduced with an adenoviral vector containing the Sox9 gene was recently reported.
11 Sox9 is a transcription factor that is essential for chondrogenesis and is a regulator for the chondrocyte phenotype. 8 Four groups were compared: (1) defect only, (2) scaffold only, (3) scaffold with MSCs, and (4) scaffold with Sox9-transduced MSCs. The fourth group had the highest (ie, best repair) International Cartilage Repair Society macroscopic scores 62 and also the highest histological scores according to Wakitani et al. 86 
Large Animal Models
There have been multiple recent large animal studies outlining the effects of stem cells on knee osteochondral defects. Large animal models are often used to be most clinically relevant to the human condition. The rationale for using different animal types to determine different cartilage outcomes has been described previously. 17, 75 While no animal model can exactly reproduce human physiology and joint loading, each model (ie, mouse, rabbit, pig, sheep, horse) provides important information to advance the field of cartilage regeneration. A study on degenerative change in an ovine model assessed perilesional changes of chronic osteochondral defects in the knees of 23 sheep. 44 The authors concluded that, like the appearance of chronic defects in humans after trauma, the area of cartilage surrounding the created defect showed signs of chronic degeneration at 1 month and 3 months. 44 The difference between acute and more clinically relevant chronic osteochondral defects was demonstrated in a goat model. 77 After creation of a 0.8 3 0.5-cm defect in the medial femoral condyle of all 21 goats, the animals were randomized to receive no treatment, early treatment, or late treatment using a periosteal graft. The authors concluded that early treatment showed significantly better cartilage repair than late or no treatment, with a concurrent decrease in the disturbance of cartilage metabolism. 77 Following the rationale of these models, another group found that the optimal chondrogenic predifferentiation period for ovine MSCs inside collagen gel was 14 days. 93 The authors created osteochondral defects in the medial femoral condyles of merino sheep. 93 Four groups were compared: (1) chondrogenically predifferentiated ovine MSC/ hydrogel constructs (preMSC gels), (2) undifferentiated ovine MSC/hydrogel constructs (unMSC gels), (3) cell-free collagen hydrogels (CF gels), and (4) untreated controls. At 6 months in vivo, the defects created with preMSC gels showed significantly better histological scores with morphological characteristics of hyaline cartilage (columnarization and type II collagen).
Furthermore, MSC-seeded triphasic constructs were compared with the OATS procedure in a merino sheep model. 63, 64 The triphasic construct consisted of a chondral phase, autologous plasma as an intermediate phase, and an osseous phase. Macroscopic and biomechanical analyses showed no significant differences between groups at 12 months. The disadvantages of OATS were outlined such as morbidity at the donor site, limited size of the transplant, hemarthrosis, difficulty in shaping host tissue to fit the defect area, and inadequate bonding of the graft cartilage to surrounding tissue.
The role of growth factors in treating osteochondral defects was discussed in a recent review. 32 A team studied knees. 16 A defect-only group and a collagen gel-only group were compared with a third group that received a collagen gel containing MSCs alone and were also compared with a fourth group that received MSCs and a gel induced with TGF-b. The conclusion was that both treatments using MSCs resulted in a superior gross and histological appearance and better histological scores according to Pineda et al 72 than the non-MSC groups. In addition, using undifferentiated MSCs resulted in a superior outcome than using TGF-b-induced differentiated MSCs, especially with regard to the restoration of subchondral bone.
Moreover, MSCs have been combined with microfracture to address osteochondral defects in a horse model. In a recent study, 66 investigators hypothesized that there may be a problem with the migration and proliferation of MSCs embedded within fibrin. 51, 90 They evaluated intraarticular injections of bone marrow-derived MSCs suspended in hyaluronan combined with microfracture compared with microfracture alone. 66 The conclusions were that although there was no difference clinically or histologically in the 2 groups at 12 months, the MSC group had increased aggrecan content and tissue firmness.
Another study showed that, compared with microfracture, MSC treatment was superior in terms of a shortterm arthroscopic inspection and also in longer term macroscopic, histological, and quantitative magnetic resonance imaging (MRI) analyses. 33 Specifically, repair tissue in the MSC group had better type II collagen content and orientation and improved sulfated glycosaminoglycan content and also exhibited greater integration into the surrounding normal cartilage, with greater thickness and a smoother surface.
CLINICAL STUDIES OF STEM CELL-BASED CARTILAGE REPAIR
Few published clinical studies assessing outcomes after stem cell therapy for cartilage defects have been reported. Care in the interpretation of results is warranted because of small sample sizes, different delivery methods, and often ill-defined outcome measures. A systematic review was performed.
Research Question
The research aim was to determine the current clinical role of stem cells in the treatment of knee osteochondral defects. We reviewed recent clinical studies utilizing different stem cell delivery methods to determine if there were any potential benefits/outcomes of using stem cells for knee cartilage defects.
Research Protocol
The experimental design's inclusion criteria were broad because of the limited number of completed or in-progress clinical stem cell studies. Case studies, case-control studies, observational cohort studies, and randomized controlled trials were all included for review.
Literature Search
A PubMed search was undertaken. The key phrase ''stem cells and knee'' was used. The search included all original articles in English over an unlimited time period that specifically involved the clinical application of stem cells to the human knee. All other studies were not included. Furthermore, a search of current clinical trials in progress was performed on the clinicaltrials.gov website, and ''stem cells and knee'' was used as the search phrase.
Data Extraction
The data extraction items included title, outcome, institution, patient numbers, brief description, and delivery method and identifier. Table 1 highlights the studies from the PubMed search, while Table 2 summarizes the clinicaltrials.gov search.
Quality Assessment
The majority of studies found in the PubMed search were not high-level evidence (not level 1 or 2). Table 2 summarizes the clinicaltrials.gov search and reveals that a number of randomized controlled trials are currently in progress. 
Data Analysis and Results
Interpretation of Results
Because of the low total number of clinical stem cell knee studies, and very few high-level studies, the interpretation of results is difficult. Table 1 summarizes the clinical studies using stem cells for knee cartilage repair, and the different delivery methods are highlighted. In an observational cohort study, autologous MSCs were compared with ACI in 72 matched symptomatic patients with full-thickness cartilage defects, as diagnosed by clinical examination and MRI. 62, 69 There was no difference between groups in terms of clinical outcomes except for physical role functioning, with a greater improvement over time in the MSC group. The International Knee Documentation Committee (IKDC), 62 Tegner, and Lysholm 83 scores were similar between groups. Of note, 5 cases in the MSC group also underwent concurrent high tibial osteotomy, and this may have acted as a confounding variable. The authors highlighted the advantages of MSCs over ACI, which include a single surgery, reduced costs, and minimal donor site morbidity.
Clinical Study Findings
In a case series, MSCs were transplanted on a plateletrich fibrin glue to treat full-thickness articular cartilage defects in 5 patients. 43 Lesions ranged in size from 3 cm 2 to 12 cm 2 (mean, 5.8 cm 2 ), and 12-month follow-up of clinical, arthroscopic, and MRI outcomes were encouraging.
However, the small sample size makes the interpretation of results difficult.
In another case series, 4 patients aged 55 to 65 years who had established osteoarthritis had autologous MSCs simply injected into their affected knee. 21 No standardized knee outcome scores were reported, but the number of stairs they could climb and the visual analog scale (VAS) for pain scores improved for all 4 patients. Clearly, it is difficult to make any firm conclusions from this small study, and the authors acknowledged their many limitations and aimed to determine (1) the required cellular dose, (2) the number and timing of injections, (3) the use of costimulators, (4) best cell subtypes, and (5) selection of the appropriate stage of disease to treat.
CLINICAL TRIALS OF STEM CELL-BASED CARTILAGE REPAIR
Ongoing or recently completed unpublished trials addressing stem cell therapy for chondral defects of the knee were reviewed on the clinicaltrials.gov website, and they are presented in Table 2 . Stem cell delivery methods varied and included direct injections and both 1-and 2-stage implantations into the defect. General outcome measures included some of the following: Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), VAS, IKDC, Short Form-12 Health Survey (SF-12), Lysholm, Knee injury and Osteoarthritis Outcome Score (KOOS), histology, MRI, and arthroscopic surgery. One group is studying a 1-step procedure using expanded autologous bone marrow-derived MSCs stimulated with a protein matrix and mixed in a collagen hyaluronic acid scaffold. This paste is then transplanted into the prepared defect under arthroscopic surgery, with the addition of platelet-rich plasma (PRP). Also, MSCs are being compared with PlasmaLyte (Baxter, Deerfield, Illinois) and hyaluronan for the treatment of knee osteoarthritis, while another team is following up on patients injected with different doses of bone marrow-derived MSCs. The safety and efficacy of human umbilical cord blood-derived MSCs are being investigated in the United States. This product is also being compared with microfracture for grade 4 osteoarthritis in another trial.
Currently, ASCs are being investigated for the treatment of chondral defects. Investigators are conducting a randomized controlled trial of ASCs versus chondrocytes for the repair of chondral knee defects. The ADIPOA trial is examining the effects of differing concentrations of ASCs injected into the knees of patients with grade 3 to 4 osteoarthritis. A recently published case series highlighted the effects of ASCs on moderate to severe knee osteoarthritis. 54 After arthroscopic surgery, the investigators harvested the infrapatellar fat pad, and ASCs were derived and counted with a hemocytometer. A mean of 1.18 million stem cells (range, 0.3 million to 2.7 million stem cells) were then prepared with 3.0 mL of PRP and injected back into the knee. At a minimum 2-year follow-up, the 18-patient study showed improved clinical and MRI results. The authors concluded that these improved results were positively related to the number of stem cells injected. 
DISCUSSION
The treatment of articular cartilage defects still remains a great challenge for the surgeon and scientist alike. Stem cells have been used with promise in animal studies and also recently in clinical studies. The success of translation from the laboratory to the patient remains to be seen. The purpose of this review was to outline the current role of stem cells in both animal and clinical cartilage defect models; to report structural, functional, and clinical benefits; and to highlight their role in the future. A systematic review was performed on the clinical studies.
There are many animal studies that report the effects of stem cells on cartilage repair in terms of structural, biomechanical, and functional outcomes. The results in small animals treated with MSCs, either alone or with varying combinations of growth factors, scaffolds, or gene transfer agents, have been promising in terms of structural and biomechanical benefits. Large animal models may be more relevant to human knee anatomy, biomechanics, and clinical outcomes. Sheep, pig, goat, and horse models using MSCs, with and without growth factors or scaffolds, highlight the potential for cartilage repair.
The clinical benefits of MSCs in cartilage repair are still being evaluated. There have been few published large clinical studies utilizing standardized, established outcome scores, so the interpretation of results is difficult. A number of studies involved direct injections of cell suspension into the knee but showed no evidence that the cells were responsible for the repair of joint tissues. 25, 27 There is an increase in the number of groups around the world that are studying bone marrowderived MSCs, ASCs, and human umbilical cord bloodderived stem cells and their effects on cartilage repair. The combination of MSCs with scaffolds, growth factors, PRP, and gene therapy is also being investigated. In other studies, the direct injection of these stem cells into the knee joint is being investigated as a therapy for arthritis, 25, 27 independent of the osteochondral repair techniques outlined in this article. The field of stem cells and cartilage repair is certainly an exciting one and will continue to expand rapidly.
FUTURE DIRECTIONS AND CHALLENGES
The regulation of stem cell treatment of cartilage defects is a major challenge. Discussion between regulatory agencies and individual companies or university laboratories often remains confidential because of intellectual property issues. It is important that future trials remain safe and efficacious. It has been suggested that a joint committee of representative basic scientists, bioethicists, biostatisticians, clinicians, and manufacturing/biotechnology representatives should be established to develop a minimum set of safety and efficacy parameters. 35 These data could then be posted to an online registry for long-term follow-up.
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